Acetylcholinesterase (AChE) exerts noncatalytic activities on neural cell differentiation, adhesion, and neuritogenesis independently of its catalytic function. The noncatalytic functions of AChE have been attributed to its peripheral anionic site (PAS)-mediated proteinprotein interactions. Structurally, AChE is highly homologous to the extracellular domain of neuroligin, a postsynaptic transmembrane molecule that interacts with presynaptic ␤-neurexins, thus facilitating synaptic formation and maturation. Potential effects of AChE expression on synaptic transmission, however, remain unknown. Using electrophysiology, immunocytochemistry, and molecular biological approaches, this study investigated the role of AChE in the regulation of synaptic formation and functions. We found that AChE was highly expressed in cultured embryonic hippocampal neurons at early culture days, particularly in dendritic compartments including the growth cone. Subsequently, the expression level of AChE declined, whereas synaptic activity and synaptic proteins progressively increased. Chronic blockade of the PAS of AChE with specific inhibitors selectively impaired glutamatergic functions and excitatory synaptic structures independently of cholinergic activation, while inducing AChE overexpression. Moreover, the PAS blockade-induced glutamatergic impairments were associated with a depressed expression of ␤-neurexins and an accumulation of other synaptic proteins, including neuroligins, and were mostly preventable by antisense suppression of AChE expression. Our findings demonstrate that interference with the nonenzymatic features of AChE alters AChE expression, which impairs excitatory synaptic structure and functions.
Introduction
Acetylcholinesterase (AChE) is expressed in the cortex (Geula et al., 1995) and hippocampus (Aubert et al., 1994) . Its fundamental role at cholinergic synapses is to terminate neurotransmission by rapid hydrolysis of acetylcholine (Massoulie, 2002) . Independent of its catalytic function, AChE exhibits multiple biological actions on neuronal cell differentiation (Schlaggar et al., 1993; Coleman and Taylor, 1996) , adhesion (Johnson and Moore, 2000; Sharma et al., 2001) , neuritogenesis (Koenigsberger et al., 1997; Grifman et al., 1998; Bigbee et al., 2000) , and neurodegeneration in some pathological processes, such as Alzheimer's disease (Rasool et al., 1986; Parnetti et al., 2002) . Excess AChE emerges under conditions of stress (Meshorer et al., 2002; Nijholt et al., 2004 ) and exposure to AChE inhibitors (Kaufer et al., 1998) . The corresponding changes in synaptic structure and transmission are as yet unexplored.
In the mammalian brain, alternative splicing of the ACHE gene allows the production of two 3Ј-distinct AChE variants: the "synaptic" (S) and "readthrough" (R) isoforms ). The two AChE variants possess the same catalytic domain but differ in their C-terminal peptides that determine their potential multisubunit assembly and heterologous association with noncatalytic subunits (Massoulie et al., 1998) . Single AChE molecules possess two sites of ligand interactions: an active (hydrolytic) site at the base of a deep narrow gorge (Nair et al., 1994) and a peripheral anionic site (PAS) that consists of a group of negatively charged surface residues surrounding the entrance of the gorge Botti et al., 1998) . The neuritogenic action of AChE is primarily attributed to its PAS-mediated cell adhesion, because it is blocked by peripheral, but not by active, site inhibitors-ligands (Layer et al., 1993; Munoz et al., 1999) . With regard to a possible role of AChE in synaptogenesis , the biological actions of neuroligin, a transmembrane protein that is specifically located in the excitatory postsynaptic membrane (Song et al., 1999) , have become a focus of interest, because the extracellular domain of neuroligins shares a high sequence homology with AChE . With its AChE-homologous domain, neuroligins critically participate in excitatory synaptic maturation and maintenance by tightly binding to the presynaptic receptor ␤-neurexin (Ichtchenko et al., 1995) . Interestingly, the neurexin-1␤ mRNA is drastically lower in embryonic transgenic mice that overexpress AChE compared with wild-type animals (Andres et al., 1997) , suggesting that AChE levels regulate neurexin expression.
The purpose of this study was to investigate the role of AChE in synaptogenesis. We found that AChE was highly expressed in cultured embryonic hippocampal neurons, particularly in the growth cone, at early culture days. The AChE expression level gradually declined, whereas synaptic proteins progressively increased. The selective blockade of the PAS of AChE induced an overexpression of AChE, which was accompanied by specifically suppressed glutamate receptor-mediated currents, altered expression levels of synaptic proteins, and impaired synaptic structure and transmission. The PAS blockade-induced impairment of glutamatergic synaptic functions was independent of cholinergic activation and could be essentially prevented by antisense suppression of AChE expression, implying a causal involvement of excessive AChE expression in this regulatory process.
Materials and Methods
Primary cell culture. Dissociated embryonic hippocampal neurons were prepared from Sprague Dawley rat embryos at day 18. Briefly, neurons were dissociated from fetal hippocampi using mechanical trituration in HBSS containing 0.5% glucose, 2% sucrose, 1 mM sodium pyruvate, and 15 mM HEPES, was suspended in B27-supplemented Neurobasal medium (Invitrogen, Carlsbad, CA), with 0.5 mM L-glutamine, 25 M glutamic acid, 0.5 mM sodium pyruvate, and 0.5% FBS, and was then plated on poly-D-lysine-coated 35 mm culture dishes or 18-mm-diameter round glass coverslips. One day after plating, the plating medium was replaced with maintenance medium made up of Neurobasal medium, 1:50 B27 supplement, and 0.5 mM L-glutamine. Serum was not used in the maintenance medium because serum contains high and variable concentrations of AChE (Saxena et al., 2003) . Consistent with a previous report (Brewer, 1995) , only a small number of the glial cells existed in the culture under this condition.
Cell treatments. Unless specified otherwise, neurons were treated on the 3rd or the 5th day in culture (DIC) with structurally distinct positively charged PAS ligands, including 1,5-bis (4-allydimethylammoniumphenyl) pentan-3-one dibromide (BW284c51) (3-10 M), decamethonium (50 -150 M), or the snake-venom toxin fasciculin-II (50 -200 nM), in parallel, for 3 d. As measured by Ellman's method (Ellman et al., 1961) , the AChE activity in the neuronal culture medium was inhibited by 92.5 Ϯ 5 or 98.5 Ϯ 1% of control by 3 or 10 M BW284c51, respectively. As control experiments, the active site AChE inhibitor physostigmine (10 M), nicotinic acetylcholine receptor (AChR) antagonist mecamylamine (20 M), muscarinic AChR antagonist atropine (10 M), or AChR agonist carbachol (50 M) were also used, respectively, for treating the culture in the same way. In some experiments, the mouse AChE antisense EN101 (12 g/ml) (Shohami et al., 2000; Brenner et al., 2003) and an inverse oligonucleotide INV101 (12 g/ml) (Shohami et al., 2000; Brenner et al., 2003) as a control were added in the culture medium together with BW284c51. To investigate the effect of excess AChE on the function of neurons, recombinant human AChE (0.5-3.0 U/ml) was added to some cultures on the 4th DIC. Physostigmine (10 M) was added to the AChE-treated culture at the same time to eliminate a possible cholinergic action by the excess AChE. As controls, some sister dishes were treated only with physostigmine. Fasciculin-II and tetrodotoxin (TTX) were purchased from Alomone Labs (Jerusalem, Israel), and other reagents used for the treatments were from Sigma-Aldrich Canada (Oakville, Canada).
Patch-clamp recordings. To study the effect of the aforementioned treatments on functions of major transmitter receptors in hippocampal neurons, glutamate-and GABA-evoked transmembrane currents were evaluated. Conventional whole-cell recordings were made in the cultured neurons on the 6th or the 8th DIC, unless otherwise specified. Neurons in treated and sister-control dishes were randomly selected under conventional microscopy. Recordings were performed under voltage clamp (at Ϫ60 mV) with an Axopatch-1D amplifier (Axon Instruments, Foster City, CA). Electrodes (3-4 M⍀) were constructed from thinwalled glass (1.5 mm diameter; World Precision Instruments, Sarasota, FL) using a two-stage puller (PP-830; Narishige, East Meadow, NY). The extracellular solution (ECS) was composed of the following (in mM): 145 NaCl, 1.3 CaCl 2 , 5.4 KCl, 25 HEPES, and 33 glucose, pH 7.4 (osmolarity, 315 mOsm). The standard intracellular solution (ICS) for recording electrodes consisted of the following (in mM): 140 CsF, 35 CsOH, 10 HEPES, 2 MgCl 2 , 1 CaCl 2 , 2 tetraethylammonium, and 4 ATP, pH 7.35 (osmolarity, 315 mOsm). For recording the GABA current, the ICS contained the following (in mM): 150 KCl, 10 HEPES, 1 CaCl 2 , 2 MgCl 2 , and 4 ATP. Rapid application of the receptor agonists to the cells was achieved by means of a computer-controlled multibarrel perfusion system (SF-77B; Warner Instruments, Hamden, CT). The evoked electrical signal was digitized, filtered (1 kHz), and acquired on-line using the program pClamp (Axon Instruments). For recording of miniature EPSCs (mEPSCs), 0.5 M TTX and 20 M bicuculline methiodide were included in the ECS. Records of mEPSCs were filtered at 2 kHz and acquired with an event detection program [SCAN (synaptic current analysis), Strathclyde Electrophysiology Software (University of Strathclyde, Glasgow, Scotland), courtesy of Dr. J. Dempster]. The trigger level for the detection of events was set approximately three times higher than the baseline noise. In control neurons, 200 -300 mEPSC events were collected, and, in treated neurons, 35-100 events were accumulated. Inspection of the raw data was used to eliminate any false events. All of the recordings were performed at room temperature (22-24°C).
Western blot. Hippocampal neurons from sister cultures were lysed in ice-cold lysis buffer (50 mM Tris-HCl, 10 mM EDTA, and 1% Triton X-100, pH 8.0) with protease inhibitors. Lysate was cleared by centrifugation, and protein concentrations were assayed by the Bradford method (Bio-Rad, Hercules, CA). Total proteins were separated on SDS-PAGE (40 g/lane, unless otherwise indicated) and electroblotted onto a nitrocellulose membrane (Bio-Rad). Membranes were blocked in TBS with Tween 20 (TBST) (10 mM Tris-Cl, 150 mM NaCl, and 0.01% Tween 20, pH 8.0) containing 5% nonfat dry milk powder (TBSTM) at room temperature for 1 hr and then incubated with primary antibodies (overnight at 4°C). Membranes were washed with TBST (three times for 10 min each) and then incubated with appropriate horseradish peroxidaseconjugated secondary antibodies in TBSTM at room temperature for 1.5 hr. After washing, bound antibodies were visualized with an ECL system (Amersham Biosciences, Buckinghamshire, UK). The following commercially available antibodies were used: anti-AChE (BD Biosciences, Franklin Lakes, NJ), anti-NR1 (BD Biosciences), anti-GluR (glutamate receptor 2), anti-GABA A -␣1 (Chemicon, Temecula, CA), anti-PSD-95 (postsynaptic density-95) (Affinity BioReagents, Golden, CO), antineuroligin, anti-synaptophysin (Synaptic Systems, Göttingen, Germany), anti-neurexin (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-␤-actin (Sigma-Aldrich Canada). Quantitative analysis of Western blot was performed by means of GS-800 densitometer (Bio-Rad). Specifically, blot films were scanned, and the blot band densities were calculated using the Quantity One program (Bio-Rad). Values of the band density were normalized to the level of respective ␤-actin. Results were expressed as a percentage of the control band density of a specific protein.
In situ hybridization. Hippocampal cultures were hybridized, as described recently (Meshorer et al., 2004) , with a 50-mer digoxigeninlabeled 2-O-methylated cRNA antisense probe (Microsynth, Balgach, Switzerland) complementary to exon 6 for AChE-S mRNA or intron 4 for the differential detection of AChE-R. After probe detection with a streptavidin-rhodamine conjugate (Amersham Biosciences, Little Chalfont, UK), confocal imaging was conducted using Image-Pro Plus 4.01 (Media Cybernetics, Silver Spring, MD). In each group, 120 cells from five cultures were examined.
Immunocytochemistry. For standard immunohistochemistry, neurons that were cultured on coverslips were fixed with 3.7% paraformaldehyde and 4% sucrose in Dulbecco's PBS (DPBS) for 30 min, permeabilized in 0.1% Triton X-100 for 15-30 min, blocked in 5% horse serum or 5% BSA for 1 hr, and then incubated with primary antibodies [anti-AChE, clone 46, 1:200, BD Biosciences; anti-MAP2 (microtubule-associated protein 2), 1:400, Chemicon; and anti-synaptophysin, clone 7.2, 1:1000, Synaptic Systems] for 2 hr or overnight at 4°C. Specifically for PSD-95 staining, neuronal cultures were fixed in absolute methanol for 5 min at Ϫ20°C, blocked with BSA, and then incubated with mouse anti-PSD-95 (1:100; Affinity BioReagents) overnight at 4°C. CY3-or FITC-conjugated appropriate secondary antibodies were added for incubation at 4°C for 1 hr. Then the coverslips were rinsed with DPBS and mounted with FluoroMount G (Electron Microscopy Sciences, Hatfield, PA) for confocal microscopy. Specifically for surface staining of glutamate receptor subunits, neurons were fixed under nonpermeabilizing conditions using 3.7% paraformaldehyde and 4% sucrose in PBS for 15 min at room temperature, blocked with 1% normal horse serum in PBS, and incubated (overnight at 4°C) in primary antibodies [anti-GluR2, 1:2000, Chemicon;  anti-NR1, clone 54.1, 1:2000, PharMingen (San Diego, CA); both of the antibodies recognize extracellular epitopes of their respective receptor subunits] in 0.1% normal horse serum in PBS. Neurons were incubated in Cy3-conjugated mouse secondary antibody (1:500; Jackson ImmunoResearch, West Grove, PA) in PBS at room temperature for 2 hr. Labeled neurons were then permeabilized with 0.1% Triton X-100 in PBS (5 min at room temperature), rinsed thoroughly, and incubated (for 2 hr at room temperature) with the same primary antibodies used under nonpermeant conditions. FITC-conjugated secondary antibodies (1:800; Jackson ImmunoResearch) were added for incubation at 4°C for 1 hr. The neurons were rinsed with PBS and then mounted for confocal examination. Confocal images were taken by using an inverted microscope (Zeiss, Göttingen, Germany) with a 40ϫ, 63ϫ, or 100ϫ objective lens. The visual field was blindly moved to a random site on a cell-culture coverslip. Specific protein immunoreactive clusters in the imaging field were automatically counted and analyzed with either of the imaging programs MetaMorph (version 4.0; Universal Imaging, Downingtown, PA) or NIH Image J after setting a threshold of fluorescent intensity that was slightly lower than that in the dendritic shaft. In each study, 20 -45 imaging fields of the control and treated neurons were analyzed.
ELISAs. The change in extracellular AChE protein levels was quantified using the ELISA (colorimetric) as described previously (Lu et al., 2001) , with modifications. In brief, the cultured hippocampal neurons were treated with BW284c51 on the 2nd DIC for 3 d. To measure the membrane-bound AChE, the treated and sister-control neurons were fixed under the nonpermeabilized condition as described above. To examine the soluble AChE, the culture media taken from the BW284c51-treated and sister-control neurons were put in uncoated dishes (Nunc, Roskilde, Denmark) that were kept still at 4°C for 24 hr. After removing the media, the neuronal culture coverslips and the medium-coated dishes were gently rinsed with PBS and then blocked with 2% BSA at 4°C for 1 hr. The coverslips and dishes were incubated with the anti-AChE monoclonal antibody (1:400; BD Biosciences) overnight. After incubation with corresponding HRP-conjugated secondary antibody (Amersham Biosciences, Little Chalfont, UK), HRP substrate o-phenylenediamine (Sigma-Aldrich Canada) was added to produce a color reaction. The optical density (OD) (450 nm) was measured using a spectrophotometer (Ultrospec 1000; Amersham Biosciences, Cambridge, UK). After subtraction of the background reading, the AChE-mediated OD change was presented as a percentage of the colorimetric reading from the matched control.
Statistical analysis. Unless specified otherwise, statistical analysis was performed with SigmaPlot software (SPSS, Chicago, IL). Data were expressed as mean Ϯ SEM and examined using Student's unpaired or paired t tests whenever appropriate. A p value of Ͻ0.05 was considered significant.
Results

Progressive decline of AChE during synaptogenesis
Accumulated evidence suggests that AChE plays a critical role in the regulation of the cytoarchitecture of developing neurons (Koenigsberger et al., 1997; Grifman et al., 1998; Bigbee et al., 2000; De Jaco et al., 2002) . To further study the morphogenic role of AChE and to address the inter-relationship among AChE expression levels, neurite growth, and glutamatergic functions in developing neurons, we initially measured the cell capacitance, glutamate-evoked currents, and spontaneous EPSCs, using whole-cell recordings, as well as protein levels of AChE and several synaptic proteins by means of Western blot in hippocampal neurons on the 1st, 3rd, 5th, and 7th DIC, respectively. As expected, along with the growth of neurites, both cell capacitance ( Fig. 1 A) and glutamate-evoked currents ( Fig. 1 B) progressively increased. Although detectable spontaneous EPSCs appeared in some neurons as early as the 5th DIC, the frequency and amplitude of repetitive EPSC bursts increased dramatically from the 6th to 12th DIC (Fig. 1C) , indicating that this period is a critical stage for hippocampal neurons to form and maturate functional synapses under the present culture condition. Consistent with the continuous increase in glutamatergic synaptic activities, total protein levels of the NMDA receptor 1 (NMDR1) subunit of glutamate receptors, synaptophysin, and neuroligin raised steadily during the developmental stage, whereas the AChE level declined gradually (Fig. 1 D) .
The cellular and subcellular distribution patterns of AChE in these developing neurons were assessed using immunocytochemistry ( Fig. 1 E) . Under our culture conditions, AChE immunoreactivity was detected in the majority, if not all, of hippocampal neurons that were characteristically immunolabeled by MAP2, a dendritic cytoarchitecture marker of neuronal cells (Folkerts et al., 1998) (Fig. 1 E) . From the 3rd to 5th DIC, the AChE protein appeared in the perikarya and dendritic neurites of all of the pyramidal neurons (n ϭ 3 batches of cultures). A highdensity staining of AChE was particularly found in all observed MAP2-positive dendritic growth cones, the highly motile structure at the growing end of neuronal processes (Fig. 1 E) , supporting the notion that AChE plays a role in dendritic neurite outgrowth of developing neurons. In neurons on the 7th (n ϭ 3 batches of cultures) or the 12th (n ϭ 3 batches of cultures) DIC, the fine branches of dendritic neurites became dense, but the majority of growth cones disappeared ( Fig. 1 E, bottom row) . Concurrently, the immunoreactivity of AChE in dendritic neurites decreased drastically and was limited to only the perikarya of the neurons (Fig. 1 E) .
PAS blockade impairs glutamate receptor function
Effects of the peripheral ligands of AChE on neuronal functions were examined, because the peripheral blockade of AChE inhibits neurite outgrowth (Layer et al., 1993; Dupree and Bigbee, 1994; Day and Greenfield, 2002) and alters the morphology of other cells (Calderon et al., 1998) . On the 3rd or the 5th DIC, the neurons were treated with BW284c51, a membrane-impermeable, highly selective PAS inhibitor-ligand of AChE. Three days later (at the 6th or the 8th DIC), we measured glutamate receptormediated currents in the treated neurons compared with the sister controls. We found that currents evoked by fast application of glutamate, NMDA, or AMPA (100 M, respectively) were greatly and similarly reduced in the treated neurons (Fig. 2 A, B ). In contrast, currents evoked by GABA (200 M) remained unchanged (Fig. 2C) . Acute application of BW284c51 up to 100 M did not affect the glutamate receptor-mediated current (data not shown), indicating that the effect of BW284c51 on glutamate receptor function was not caused by a direct action on these receptorgated channels but involved a cellular response.
To determine whether the effect of BW284c51 was mediated by cholinergic signaling pathways, we treated the neurons with AChR agonists and antagonists, as well as distinct AChE inhibitors in the same way as with BW284c51. The effect of BW284c51 persisted in the presence of the muscarinic and nicotinic AChR antagonists atropine (10 M) and mecamylamine (10 M). Fur-thermore, the AChR agonist carbachol (50 M) failed to mimic the effect of BW284c51 (Fig. 2 D) . The PAS inhibitors decamethonium and fasciculin II (Bourne et al., 1995) , a peptidic mamba venom, induced a significant decrease in the amplitude of the glutamate receptor-mediated currents (Fig. 2 E) . In contrast, physostigmine, an active site AChE inhibitor, was ineffective (Fig.   2 E) . These combined results indicate that blockade of the PAS of AChE selectively depresses glutamate receptor functions, and the effect is independent of cholinergic functioning.
Chronic excitation of neurons negatively regulates glutamate receptor functions (Dickie et al., 1996; Shimazu et al., 1999) . The BW284c51-induced impairment of glutamatergic functions, however, was maintained in the presence of the sodium channel blocker TTX (0.5-1.0 M), the competitive NMDA receptor antagonist 2-amino-5-phosphonopentanoic acid (30 M), or the competitive non-NMDA receptor antagonist 6,7,-dinitroquinoxaline-2,3-dione (20 M), ruling out the possibility that the peripheral antiAChE manipulations functioned by causing excitotoxicity to the hippocampal neurons.
Peripheral blockade causes overexpression of AChE, which is responsible for the impairment of glutamatergic function Specific anti-AChE treatments cause feedback upregulations of AChE expression in the brain of humans (Parnetti et al., 2002; Darreh-Shori et al., 2004 ) and mice (Kaufer et al., 1998) . We compared the level of AChE expression in control, physostigmine-treated, and BW284c51-treated neurons using immunocytochemistry (Fig. 3A) and Western blot analysis (Fig. 3B) . Chronic obstruction of the PAS of AChE by BW284c51, but not active site blockade by physostigmine, induced a great enhancement of AChE expression in cultured hippocampal neurons (Fig.  3 A, B) . In addition, fluorescent in situ hybridization (FISH) using selective probes against AChE-R and -S revealed a significant increase in the expression of both AChE transcripts in neurons that were treated with BW284c51. In contrast, the active site inhibitor physostigmine had no effect on either isoform of the two AChE transcripts (Fig. 3C) . Confocal microscopy quantification of the labeling density in the somatic area of BW284c51-treated neurons showed significant increases in AChE-R and -S mRNAs (Fig. 3D) . The BW284c51-induced increment of the two AChE transcripts could be blocked by cotreatment of the neurons with EN101 (12 g/ml) (Fig. 3D) , an antisense agent targeted at exon 2 of the AChE mRNA transcript (Shohami et al., 2000; Brenner et al., 2003) . Altogether, these data demonstrate that a blockade of the PAS increases the expression of AChE.
To find out whether the PAS blockade-induced depression of glutamatergic function was caused by the overexpression of AChE, we treated neurons with BW284c51 together with the AChE antisense EN101 (12 g/ml) and examined the glutamateevoked currents in the treated neurons and relevant controls. Indeed, attenuation of AChE expression by EN101 (Galyam et al., 2001) , but not by the inverse oligonucleotide INV101 (12 g/ml), significantly limited the BW284c51-induced suppression of glutamate currents (Fig. 3E) , indicating that AChE overexpression disrupts glutamatergic functions. Different AChE variants in the brain either bind to the cell membrane via specific anchors or remain as soluble isoforms in the extracellular fluid (Massoulie, 2002) . By means of the ELISA, we quantified the PAS blockadeinduced changes in extracellular AChE protein levels. We found that the PAS blockade by BW284c51 significantly increased both the membrane-bound (Fig. 3F1) and soluble (Fig. 3F2) extracellular AChE, suggesting that excess AChE disrupts glutamatergic functions at least partially through extracellular interactions. To prove this postulation, we treated the cultured neurons with an excessive amount (0.5-3.0 U/ml) of human AChE in the presence of physostigmine for 3 d. The amplitude of glutamate currents in AChE-treated neurons was significantly reduced compared with the control and physostigmine-treated neurons (Fig. 3G) , indicating that excess extracellular AChE interferes with glutamatergic functions.
PAS blockade reduces surface glutamate receptors
Others have shown that the PAS blockade of AChE inhibits neurite outgrowth of hippocampal neurons (Koenigsberger et al., 1997; Bigbee et al., 2000; Day and Greenfield, 2002) . In our experiments, treatment of hippocampal neurons with BW284c51, but not physostigmine, reduced the fine branches of neurites of the cultured neurons (Fig. 4 A) . This raised the question of whether the reduction in glutamate receptor-mediated currents was simply caused by the decrease in the total surface area of the treated neurons. To address this question, we further analyzed the current density (current amplitude/cell capacitance; pA/pF) in neurons on different culture days. The current density was significantly reduced in BW284c51-treated neurons compared with relevant control neurons (Fig. 3H ). This finding suggests that the decrease in glutamate-evoked currents under peripheral blockade is at least partially caused by a reduction in the density of surface glutamate receptors and does not reflect a general decrease in cell surface area.
We next assessed the surface glutamate receptors by immunolabeling the NMDAR1 and GluR2 subunits of glutamate receptors in BW284c51-treated and control neurons under nonpermeabilized and then permeabilized conditions (Fig. 4 A) . Nonpermeated cells (middle) exhibited neurite-associated clusters of the NMDAR1 (Fig. 4 A1) and GluR2 (Fig. 4 A2) subunits, whereas permeated cells (left) displayed immunoreactivity of the two glutamate receptor proteins in the perikarya and dendritic compartments of the neurons, particularly the spines. After BW284c51 treatment, the number of surface clusters, but not the density of intracellular immunoreactivity, of both NMDAR1 and GluR2 was significantly reduced (Fig. 4 A, B) , demonstrating that the peripheral blockade of AChE reduces incorporation of glutamate receptors into the cell surface plasma membrane. Moreover, the BW284c51 treatment decreased the fine, but not the main, branches of dendrites, as well as the numbers of glutamatereceptor-immunoreactive spines (Fig. 4 A1,A2, left) . These data were compatible with the finding of loss of spines in transgenic mice overexpressing AChE-S . Remarkably, the treatment drastically decreased the density of surface glutamate receptor clusters on the main dendritic branches (Fig. 4 A1,A2 , middle), demonstrating that blocking the PAS of AChE reduces not only the total number, but also the density, of surface glutamate receptors.
The reduction in surface glutamate receptors could potentially reflect attenuated synthesis of glutamate receptor proteins. However, immunoblot quantification revealed that both the GluR2 and NMDAR1 protein subunits in the treated neurons were greatly increased compared with controls, indicating an intracellular accumulation of these proteins (Fig. 4C) . In contrast, the ␣1-subunit of GABA A receptors remained unchanged (Fig.  4 D) . Together with the finding that BW284c51 treatment depressed the glutamate-evoked but not GABA-evoked currents (Fig. 2) , these results suggest that the PAS blockade-induced overexpression of AChE selectively impairs the targeting of glutamate receptors. Plotted data show the normalized currents (normalized to the mean value of the amplitude of peak currents) evoked by glutamate, AMPA, and NMDA in control (Ctrl) and BW284c51-treated neurons (I glut ϭ 38.7 Ϯ 6.7% of control, n ϭ 6, p Ͻ 0.001; I AMPA ϭ 36.2 Ϯ 13.9% of control, n ϭ 5, p Ͻ 0.05; I NMDA ϭ 45.6 Ϯ 13.3% of control, n ϭ 5, p Ͻ 0.05). C, GABA-evoked currents are not changed by BW284c51 (10 M) treatment. D, Plotted values show normalized glutamate currents recorded from relevant controls and neurons treated with different AChE inhibitors [BW284c51 (5 M), 21.9 Ϯ 4.7% of control, n ϭ 8, p Ͻ 0.001; decamethonium (100 M), 22.6 Ϯ 3.9% of control, n ϭ 9, p Ͻ 0.0001; fasciculin-II (100 nM), 70.0 Ϯ 8.3% of control, n ϭ 10, p Ͻ 0.05; physostigmine (10 M), 95.2 Ϯ 10.5% of control, n ϭ 7, p ϭ 0.84]. E, Normalized peak amplitudes of glutamate currents recorded from neurons with different treatments (BW284c51, 24.6 Ϯ 7.6% of control, n ϭ 6, p Ͻ 0.005; BW284c51 plus atropine, 18.1 Ϯ 4.8% of control, n ϭ 6, p Ͻ 0.001; BW284c51 plus mecamylamine, 12.1 Ϯ 2.8% of control, n ϭ 6, p Ͻ 0.001; atropine, 113 Ϯ 20% control, n ϭ 6, p ϭ 0.65; mecamylamine, 101 Ϯ 10% control, n ϭ 6, p ϭ 0.95; carbachol, 109 Ϯ 15.6% control, n ϭ 6, p ϭ 0.70). Meca, Mecamylamine; Decame, decamethonium; Physo, physostigmine.
Reduction in the number of synapses by blockade of the PAS of AChE
Nearly all excitatory input in the hippocampus impinges on dendritic spines (Zhang and Benson, 2000) . As shown in Figure 4 A, the PAS blockade of AChE reduced dendritic spines and surface glutamate receptors, suggesting an interruption of synaptic formation or maintenance. To test this, we labeled the presynaptic marker synaptophysin and the excitatory postsynaptic marker PSD-95 using immunocytochemistry (Fig. 5) . We found that BW284c51 treatment greatly decreased the clusters of PSD-95 (Fig. 5A) and synaptophysin (Fig. 5 B, D) , demonstrating a decrease in the number of synapses. Interestingly, Western blot revealed a significant increase in total protein levels of both synaptic proteins (Fig. 5C ), further implying an interruption of synaptogenesis. To test whether the PAS blockade-induced synaptic interruption is caused by the overexpression of AChE molecules, we further assessed the number of synaptophysin clusters in neurons that were treated with BW284c51 (5 M) together with EN101 (12 g/ml) or with INV101 (12 g/ml) as a control. Indeed, the AChE antisense, but not the control oligonucleotide, significantly increased the number of synaptophysin clusters in the presence of BW284c51 (Fig. 5D) , indicating that the PAS blockade disrupts glutamatergic synaptic structures through an overexpression of AChE. The antisense agent EN101 efficiently blocks the BW284c51-induced increase of AChE-S and -R mRNA levels (BW284c51 only: -S mRNA, 138 Ϯ 12% of control; -R mRNA, 158 Ϯ 11% of control; n ϭ 120 cells in each group, from 5 cultures; p Ͻ 0.03 in both groups) (BW284c51 plus EN101: -S mRNA, 103 Ϯ 5.5% of control; -R mRNA, 81 Ϯ 5% of control; n ϭ 40 cells, from 4 cultures). E, The AChE antisense EN101 prevents the BW284c51-induced depression of NMDA currents (BW284c51 only, 53.2 Ϯ 9.2% of control, n ϭ 5, p Ͻ 0.05; BW284c51 plus INV101, 55.4 Ϯ 5.8% of control, n ϭ 9, p Ͻ 0.05; BW284c51 plus EN101, 86.9 Ϯ 4.9% of control, n ϭ 6, p ϭ 0.67). F, ELISA reveals that the BW284c51 treatment increases the membrane-bound AChE [F1; BW284c51 (3 M) ϭ 135.6 Ϯ 9.3% of control; n ϭ 5 coverslips of cells; p Ͻ 0.05] and the soluble AChE in the medium [F2; BW284c51 (3 M), 129.9 Ϯ 8.4% of control; n ϭ 8 sets of medium samples; p Ͻ 0.05]. G, Administration of exogenous soluble human AChE (3 U/ml) in the culture reduces the amplitude of glutamate currents (physostigmine control, 90.9 Ϯ 9.6% of control, n ϭ 11, p ϭ 0.54; AChE plus physostigmine, 29.3 Ϯ 3.9% of control, n ϭ 11, p Ͻ 0.0001). H, Cell capacitance and glutamate currents in BW284c51-treated (5 M; 3 d) and matched-control neurons on the 1st, 5th, and 7th DIC. BW284c51 treatment significantly reduces glutamate-current density (pA/pF; d3 control, 9.4 Ϯ 2.0, n ϭ 6; BW284c51, 4.8 Ϯ 1.8, n ϭ 9; d5 control, 29.8 Ϯ 7.5, n ϭ 6; BW284c51, 13.7 Ϯ 4.5, n ϭ 9; d7 control, 47.4 Ϯ 11.0, n ϭ 6; BW284c51, 24.9 Ϯ 2.2, n ϭ 6). *p Ͻ 0.05.
PAS blockade damages glutamatergic synaptic transmission
To assess the effect of the peripheral blockade of AChE on glutamatergic synaptic functions, we treated cells on the 7th DIC with BW284c51 or with physostigmine for 3 d and recorded mEPSCs in the treated and control neurons on the 12th DIC. Active mEPSCs were recorded in control and physostigmine-treated neurons (Fig. 6 A) . As expected, both the amplitude and frequency of mEPSCs in the BW284c51-treated neurons were drastically reduced compared with controls ( Fig. 6 B, C) , demonstrating that the blockade of the peripheral site of AChE impairs excitatory synaptic transmission.
Alteration of neurexin and neuroligin expression by blockade of the PAS of AChE
Transgenic mice that overexpress AChE exhibit a drastic decrease in the expression of neurexin-1␤ mRNA (Andres et al., 1997) . Given that the peripheral blockade of AChE increased AChE expression, we examined the protein levels of ␤-neurexin and neuroligins in BW284c51-treated and control neurons using immunoblot analysis compared with controls. Neurexin levels were drastically decreased, unlike neuroligin levels, which greatly increased in the treated neurons (Fig. 7) . This finding suggests that the altered expression of neurexin and neuroligin may be involved in the impairment of excitatory synaptic structures and functions.
Discussion
This study presents two closely related findings. First, the expression level of AChE gradually declines during the period of synaptogenesis. Second, a blockade of the peripheral site of AChE induces overexpression of AChE, which impairs glutamatergic synaptic structures and transmission.
The expression level of AChE is high in the embryonic nervous system, with a transient peak during the period of neural differentiation and neuritogenesis before synaptogenesis (Layer, 1990 (Layer, , 1991 , and gradually declines during postnatal maturation (Forloni et al., 1989; Geula et al., 1995) . The temporal pattern of AChE expression suggests a regulatory role of the molecule in neuronal development. The hippocampal neurons are heavily innervated by cholinergic axonal neuropils (Frotscher and Leranth, 1985; Aznavour et al., 2002 ) from the basal forebrain, but a small number of neurons in the hippocampus are cholinergic (Deller et al., 1999; Aznavour et al., 2002) . A previous histochemical study indicates that AChE exists in noncholinergic hippocampal neurons (Forloni et al., 1989) . Our immunocytochemistry revealed that AChE was widely expressed in cultured hippocampal neurons. Remarkably, in the early developmental stage, the hippocampal neurons presented a high immunoreactivity of AChE in the perikarya and dendritic compart- (A1) and GluR2 (A2) subunits of glutamate receptors under nonpermeated (Non-perm; middle) and permeated (Perm; left) conditions in control (top row) and BW284c51-treated (BW) neurons. Surface NR1 and GluR2 are labeled under nonpermeated conditions. Both NR1 and GluR2 are located in the dendritic spines; thus, under the permeated conditions, dendritic spines are labeled by NR1 and GluR2 staining. Note the insets that show decreases in dendritic spines and surface glutamate receptors in BW284c51-treated neurons compared with controls. Scale bar (in A1): A1, A2, 10 m. B, Plotted data show surface receptor clusters in control and BW284c51-treated (5 M) neurons. C, Immunoblot of NR1 and GluR2 from total cell lysate of control (Ctrl) and BW284c51-treated neurons. BW284c51 treatment increases the total cellular proteins of glutamate receptor subunits (NR1, 139 Ϯ 7.5% of control, n ϭ 3, p Ͻ 0.05; GluR2, 147 Ϯ 7.0% of control, n ϭ 3, p Ͻ 0.05). D, Immunoblot of the ␣1 subunit of GABA A receptor from the total cell lysate of control, BW284c51-treated, and physostigmine-treated (Physo.) neurons.
ments, particularly the dendritic growth cones (Fig. 1 E) . In agreement with accumulated evidence (Koenigsberger et al., 1997; Bigbee et al., 2000; De Jaco et al., 2002) , our finding further indicates an upregulatory role of AChE in the outgrowth of dendritic cytoarchitectures. Studies in intact animals reveal that the expression levels of AChE in the cortex (Geula et al., 1993 (Geula et al., , 1995 and hippocampus (Forloni et al., 1989) vary in different subregions and decline with brain maturation. Consistent with these in vivo findings, the present study revealed that, during the period of synaptogenesis, the expression level of AChE in hippocampal neurons gradually diminished, particularly in the dendritic compartments. This finding suggests that a level of AChE in dendritic compartments is not necessary for synaptic formation. In relation to this issue, the progressive loss of dendritic spines and arborizations in cortical neurons in AChEoverexpressing transgenic mice also indicates that excessive AChE is detrimental to synaptic structures.
The PAS of AChE is fundamental for some noncatalytic functions of the enzymatic molecule. Specific site-directed mutagenesis to reduce the negative electric field of the PAS has no effect on catalysis but changes the rate of association with the peptide ligand fasciculin (Radic et al., 1997) , demonstrating that altering the PAS of AChE disrupts the interaction of AChE with other proteins. The PAS-mediated protein-protein interactions have been postulated to be involved in synaptogenesis in hippocampal neurons (Olivera et al., 2003) . If this is true, an alteration of the PAS of AChE could potentially affect synaptic receptor functions. Indeed, chronic treatment of the hippocampal neurons with the membraneimpermeable PAS ligand BW284c51 and other PAS ligands greatly reduced the glutamate-, but not GABA-, evoked current in a manner independent of cholinergic functions. Remarkably, the PAS blockade altered the expression level of glutamate receptors but not GABA A receptors, suggesting a specific role of AChE in the regulation of glutamatergic functions in developing neurons. These results also rule out the possibility that BW284c51 causes a nonspecific toxic action but rather suggest a cellular response of these neurons to alterations of extracellular AChEs. Moreover, our immunocytochemistry studies revealed that the peripheral blockade of AChE decreased the density of surface glutamate receptors, the number of synapses, and the excitatory synaptic activities. These results demonstrate that the PAS blockade-induced im- pairment of glutamatergic functions is caused by an interruption of excitatory synaptic formation and/or maturation.
The observation that the PAS blockade increases the expression of AChE is of great importance, because such a blockade occurs under clinical treatments with AChE inhibitors or exposures to antiAChE agents, including pesticides and chemical warfare agents. It is known that anti-AChE exposures induce a feedback response of transcriptional activation of the ACHE gene . Indeed, the PAS blockade-induced destructive alterations in glutamatergic synaptic structures and functions could be partially prevented by antisense suppression of ACHE gene expression, supporting the notion that the glutamatergic impairment is caused by the overexpression of AChE. This working hypothesis was supported by the finding that treating the cultured neurons with exogenous AChE significantly impaired glutamate receptor functions. Our unpublished immunocytochemical results also show that the exogenous AChE treatment reduces the clusters of the surface glutamate receptors in the neurons. Altogether, our data demonstrate that excessive extracellular AChE molecules disrupt excitatory synaptic formation or maturation. Contrary to our findings, Olivera et al. (2003) found that exposure of cultured embryonic hippocampal neurons to a low concentration (0.01-0.05 U/ml) of eel AChE in the presence of serum-containing medium increased the number of clusters of the presynaptic marker protein SV2a (synaptic vesicle protein 2a) and the surface expression of AMPA-subtype, but not NMDA-subtype, glutamate receptors. These different results may reflect distinct morphogenic actions of high and low levels of AChE molecules at different developmental stages or, alternatively, involve a potential morphogenic function of the bovine AChE included in the growth medium used or the nonhomologous C-terminal domain in the eel enzyme.
The specific signaling pathway by which the PAS of AChE regulates the ACHE gene expression awaits additional experimentation. Nevertheless, the FISH analysis revealed that the PAS blockade predictably increased the levels of both the AChE-R and -S mRNA variants, indicative of an increase in both types of AChE molecules. It has been known that AChE-S forms, via C-terminal disulfide bridges, various oligomers that are anchored to distinct domains of the cell membrane through the noncatalytic subunit "proline-rich membrane anchor" (Perrier et al., 2002) . In contrast, AChE-R has no such feature for multisubunit assembly and heterologous association with the anchoring subunits, thus remaining monomeric and soluble. Consistent with the finding by FISH analysis, our ELISA revealed that the PAS blockade induced a significant increase in both the membrane-bound AChE and the soluble AChE in the medium. The noncatalytic actions of AChE are related to its specific subcellular localization (Massoulie, 2002) . Therefore, additional studies are , and physostigmine-treated (Physo.) neurons. B, Cumulative probability plots for the amplitude (B1) and interval (B2) of mEPSCs recorded from a control (Ctrl) and a BW284c51-treated neuron. C, Plotted data summarize the significant decreases in both the amplitude (C1; control, 51.0 Ϯ 6.2 pA, n ϭ 9; BW284c51, 11.6 Ϯ 2.3 pA, n ϭ 5; p Ͻ 0.01) and frequency (C2; control, 0.99 Ϯ 0.19 Hz, n ϭ 9; BW284c51, 0.09 Ϯ 0.03 Hz, n ϭ 5; p Ͻ 0.01) of mEPSCs in BW284c51-treated neurons. required to identify specific roles of the soluble and membranebound AChE variants in the regulation of synaptogenesis.
How can excessive AChE molecules selectively interrupt glutamatergic synaptic functions? One possible signaling pathway by which AChE alters synaptic formation or maintenance is to influence the neuroligin-neurexin junction. Neuroligins are specifically located in the postsynaptic membrane of brain excitatory synapses (Song et al., 1999) . In the postsynaptic compartment, neuroligin is tied intracellularly by PSD-95, which in turn, interacts with the NR2B subunit of NMDARs (Kornau et al., 1995; Sprengel et al., 1998; Washbourne et al., 2002; Shiraishi et al., 2003) and regulates synaptic targeting of AMPA receptors (Chetkovich et al., 2002; Schnell et al., 2002) . The interaction between neurexin and neuroligin induces presynaptic vesicle clustering and triggers differentiation (Scheiffele et al., 2000) and assembly (Dean et al., 2003) of axonal terminals, indicating a key role of the neurexin-neuroligin junction in excitatory synaptic formation and maturation. Thus, interference with the neurexin-neuroligin interaction could ultimately alter the function of glutamatergic synapses. Overexpression of AChE-S in mice suppresses neurexin-1␤ production in embryonic spinal motor neurons (Andres et al., 1997) . In this study, the peripheral blockade of AChE induced an overexpression of AChE while decreasing the expression of neurexin-1␤, indicating crosstalk between the level of AChE and the expression of neurexins. Considering all of the available evidence, we propose that excess AChE depresses the expression of neurexin, reducing the formation of neurexin-neuroligin junctions at excitatory synapses, consequently causing damage to synaptic structure and function.
Our findings bear significant implications with regard to the pathogenesis of Alzheimer's disease (AD). Living neurons in early AD brains drop synaptic dendritic materials in the terminal segment of dendritic trees and ultimately lose certain synaptic connections in specific brain regions (Scheff and Price, 2003) , resulting in cognitive decline. Mounting evidence suggests that AD is a result of synaptic failure (Selkoe, 2002) . AChE proteins are intimately associated with the AD senile plaques and neurofibrillary tangles (Ulrich et al., 1990; Moran et al., 1993) and facilitate the growth of fibrillar ␤-amyloid plaques (Inestrosa et al., 1996) . In addition, transgenic mice overexpressing AChE exhibit loss of dendritic spines and suffer from cognitive deficits (Beeri et al., 1995) . Furthermore, when crossed with ␤-APP (␤-amyloid precursor protein) transgenics, the AChE transgenics develop amyloid plaques earlier than the parent strain (Rees et al., 2003) . In agreement with previous findings, the current study for the first time directly demonstrated that excessive inactive AChE reduced the fine branches of neurites, interrupted the surface expression of glutamate receptors, and impaired synaptic structures and transmission in hippocampal neurons, clearly indicating that excessive AChE molecules are a harmful factor in the process of neurodegeneration.
